FKBP12 as an immunophilin that binds to two well-known immunosuppressive macrolides, FK506 and rapamycin, has attracted immense attention and its role in mediating the immunosuppressive functions of these macrolides has been extensively studied. Since FKBP12 is a well-conserved protein among many species and is also highly expressed in almost all cells, it must play important roles in cellular function in the absence of macrolides. In one such a role, FKBP12 interacts with and regulates the functional state of the ryanodine Ca 2+ channel receptor by altering protein conformation and coordinating multiprotein complex formation. This review summarizes another physiological role of FKBP12 as an interactor and a regulator of the type I serine/threonine kinase receptors of TGF-β superfamily. Current data, derived from detailed biochemical studies as well as from functional studies in various systems, suggest that FKBP12 functions as a "guardian" for the type I receptors to prevent them from leaky signaling under sub-optimal ligand concentrations, thereby providing a molecular "gradient reader" for TGF-β family morphogens. This aspect of FKBP12 function may be critical for cellular responsiveness to morphogenetic gradients of the TGF-β family members during early development, serving to assure the translation of different ligand concentrations into different signaling readouts.
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to FKBP12 inhibits its isomerase activity (4,5). Both drugs bind to the same site on FKBP12, as demonstrated by binding competition assays (6) and by structural analysis of the co-crystallized FKBP12/FK506 and FKBP12/rapamycin complexes (1, 7). Although both drugs cause immunosuppression, the molecular mechanisms involved are different.
Like cyclosporin A, FK506 mediates immunosuppression by inhibiting the transcriptional activation of cytokines such as interleukin 2 (IL-2), thus preventing T lymphocyte antigen-receptorinduced activation (6), while rapamycin causes direct cell cycle G1 arrest of the T lymphocytes by interfering with IL-2-induced signaling (6). Such a difference is likely due to a different third protein with which the FKBP12/drug complex interacts. The complexes of FK506/FKBP12 were shown to interact with calcineurin, a serine-threonine phosphatase, and to inhibit its phosphatase activity, thus preventing the dephosphorylation of the transcriptional factor NFAT, and its subsequent translocation into the nucleus for activating IL-2 transcription (6,8-10). Another protein, called FRAP (11) or RAFT1 (12), and also called mTOR (mammalian target of rapamycin) (13-22), was isolated as a binding protein of the rapamycin/FKBP12 complex.
The molecular mechanisms involved in rapamycin/FKBP12/FRAP-mediated cell cycle G1 arrest have yet to be uncovered. The S6p70 kinase and the p34cdc2 kinase are both inhibited by the rapamycin/FKBP12 complex (23-25). Recently, a nutrientsensitive complex containing a protein called Raptor was found to be involved in mTOR-mediated phosphorylation of S6p70 kinase (21,22). FKBP12 is highly abundant in almost every cell type, and its structure well conserved from yeast to human, suggesting that it has important cellular functions. Since FK506 and rapamycin are macrolides, not natural molecules present in mammalian cells, it has long been suspected that there are natural ligands for FKBP12.
FKBP12 as an integral component of the Ca

2+ channels
There are several in-depth reviews of the role of FKBP12 and its close isoform FKBP12.6 in the regulation of calcium channels and the functional implications of such regulation in heart failure (26-30); therefore, only a brief summary is provided here. Muscular contraction is regulated by intracellular Ca 2+ levels, which are controlled by the regulation of the activities of Ca 2+ channels, especially those on the endo/sarcoplasmic reticulum (ER/SR) of the muscle cells. For cardiac muscle cells, there are two types of Ca 2+ channels, the ryanodine receptor type 2 (RyR2) (31,32) and the inositol 1,4,5-triphosphate receptor IP3R2 (33) . For skeletal muscle cells, the predominant Ca 2+ channel is RyR1 (26). A functional role of FKBP12 in the regulation of RyR1 function was suspected when a peptide of FKBP12 was identified in purified RyR1 (26). Since then, studies have confirmed the physiological and functional interaction between FKBP12 and RyR1. An isoform of FKBP12, FKBP12.6, has been found to be the functional interactor of RyR2. In fact, FKBP12.6 is an integral component of the cardiac Ca 2+ channels, which include tetrameric RyR/IP3R, each of which binds a set of proteins which include: 1) FKBP12/12.6; 2) PKA catalytic and regulatory subunits; 3) an anchoring protein mAKAP; 4) protein phosphatase 1 (PP1); and 5) protein phosphatase 2A (PP2A).
The interaction between FKBP12 and the RyR1/RyR2 can be blocked by nanomolar concentrations of rapamycin or FK506 (34) . An FKBP12.6 binding site was identified within RyR2, containing a proline within the Ile-Pro-Leu motif (35) . A similar site (Val-Pro-Leu) was found on RyR1 and the P1 residue Val 2461 was found to be critical for FKBP12 binding (36) . As discussed below, a similar FKBP12 binding motif is present on the TGF-β family type I receptors. The proline-targeted binding site is consistent with the known property of FKBP12 as a prolylisomerase, although the functional role of the isomerase activity has yet to be defined. . Thus, FKBP12 plays a critical role in regulating the Ca 2+ channel closing kinetics, lack of which cause abnormal responses to agonists (37) . Additional roles of FKBP12 are also suggested, such as regulating Excitation-Contraction coupling (38) , coupled gating (39), as well as the inactivation of RyR2 (40) . In FKBP12 knockout mice, RyR1 exhibits subconductance states (41), confirming the in vitro studies (34) .
The functional mechanism of FKBP12-mediated regulation of the Ca 2+ channel is not fully understood. The ability of FKBP12 to regulate protein conformation is thought to play a role. It has been suggested that FKBP12, as a peptidyl prolyl-isomerase, might change the conformation of the bound receptor, thereby coordinating the four receptors for full conductance of the channels, or the interactions between the neighboring RyR/calcium channels to enhance coupled gating (28).
Initial discovery of FKBP12 as an interactor of the TGF-β family type I receptor
While this subject will be the focus of this review, a brief introduction is given here for the initial discovery of FKBP12 as an unexpected player in the signaling pathways of the Transforming Growth Factor β (TGF-β) superfamily. TGF-β superfamily consists of a large group of structurally related polypeptides including various forms of TGF-β, bone morphogenic proteins (BMPs), activins, growth and differentiation factors (GDFs), and the Mullerian Inhibiting Substance (MIS) or anti-Mullerian hormone (AMH) (42, 43) . Members of the TGF-β subfamily are molecular organizers for tissue and organ morphogenesis during embryonic development and play key roles in maintaining the homeostasis of various developed systems (44, 45) . At the cellular level, diverse processes including cell proliferation, differentiation, Figure 1 . Two highly conserved domains of the TGF-β family type I receptors. "Pretty Box" alignment of the six mammalian members of the TGF-β family type I receptors and two members from Drosophila. Both the N-terminus GS box and the C-terminus KKTL box as illustrated, are required for FKBP12 binding in the yeast two-hybrid system (Wang et al., unpublished data) . R1, R2, R3 and R4 are described by He et al. (50) . ALK3 and ALK6 are mammalian BMP type I receptors. Sax: Saxaphone (81); Tkv: thickvein (82) . adhesion, and apoptosis are subjected to TGF-β regulation (46, 47) . The intracellular signaling events are initiated upon TGF-β binding to a pair of Ser/Thr kinase receptors known as the Type I receptor (TβR1) and the Type II receptor (TβRII), which are structurally similar but functionally distinct (48, 49, 50) . In 1992, He et al. isolated a family of four membrane receptors named as R1, R2, R3 and R4, through a PCR approach based upon a conserved protein sequence within the kinase domains of the Type II receptors of TGF-β and activin (50) . Later these receptors were found to be the Type I receptors of TGF-β family ligands: R1 is the BMP7 and a MIS (Mullerian Inhibiting Substance) type I receptor; R2 is the activin type I receptor; R3 binds both TGF-β and activin and has been found to be a negative regulator of TGF-β in early vasculogenesis, with still unclear functional specificity (51); R4 is the TGF-β type I receptor (48) (49) (50) 52) . To understand the signaling mechanisms of MIS, Wang et al. decided to search for the cytoplasmic interactors of the cytoplasmic domain of R1, then considered to be a candidate MIS type I receptor. A modified yeast two-hybrid system called "Protein Trap" was used to identify proteins that directly interact with the cytoplasmic domain of this receptor (53) . Screening a rat neonatal heart library yielded more than seventy interactors from screening 10 million transformants, all but one encoded rat FKBP12 (54, 55) . When a Drosophila type I receptor, Thickvein (Tkv), of the Drosophila TGF-β family member DPP (Decapentaplegic) was used as the bait to screen a Drosophila imaginal disc library, a Drosophila homology of the mammalian FKBP12 was isolated as the only interactor (Wang et al., unpublished data) . When seven known type I receptors were directly tested for their ability to bind to FKBP12 in the two-hybrid system, all were positive, while three tested type II receptors were all negative (54, 55) . Although there is significant homology between FKBP12 and several other FKBPs also known to bind to FK506, only FKBP12 was isolated as the interactor of the type I receptor. These data suggested that FKBP12 is a specific interactor for the TGF-β family type I receptors (54, 55) . Since then, many laboratories have participated in studying the biochemical and functional aspects of the observed interactions. The studies have now revealed an important biological function of FKBP12 as a novel regulator of the TGF-β family type I receptors.
FKBP12 AS A SPECIFIC INTERACTOR FOR TGF-β FAMILY TYPE I RECEPTORS
Domain specific interaction observed in yeast twohybrid system
The initial studies of the interaction between FKBP12 and the TGF-β family type I receptors were carried out in the yeast two-hybrid system (54) (55) (56) (57) . The FKBP12 binding domains on two type I receptors, R4 and R1, also known as ALK5 and ALK2 (58) were mapped via detailed deletion studies of the receptors. The deletion mutants of the cytoplasmic domain of both receptors were tested against FKBP12 in the yeast two-hybrid system. Such studies revealed two separate small motifs well conserved among and also distinct for all known type I receptors: the GS domain (a motif containing SGSGSGLPF within the juxta-membrane domain of all type I receptors) and a carboxyl-terminal region of the kinase domain (Figure 1 ). Within the GS domain, the motif LPF or LPL could be a substrate motif of FKBP12 as a prolylisomerase (59) . Thus, this proline residue was suspected to play a critical role in mediating the interaction between TGF-β type I receptor and FKBP12. The receptor-binding-domain on FKBP12 was first suggested by the ability of FK506 but not cyclosporin to block the interaction between FKBP12 and the cytoplasmic domain of the TGF-β type I receptor in the yeast two-hybrid system (54) . This observation suggested that the macrolide-binding pocket of FKBP12 is somehow involved in FKBP12 interaction with the receptor. Such an involvement of the drug-binding pocket was further indicated by the observation that a point mutation of FKBP12 (D37G) within the drug-binding pocket that abolishes macrolide-binding also disrupted FKBP12 binding to the type I receptor (54) . In addition to the drug-binding pocket of FKBP12, other regions on FKBP12 are also found to participate in receptor-binding: deletion of only five amino acids from the C-terminal domain of FKBP12 was sufficient to abolish the ability of FKBP12 to bind to the cytoplasmic domain of R1 and R4 (TβR1) (Wang et al., unpublished data) ; deletion of the N-terminal five amino acids of FKBP12 abolished its interaction with R1 but not with R4. Since neither N-terminus nor C-terminus of FKBP12 is involved in macrolide binding, these data suggests that in vivo interaction between FKBP12 and the type I receptor requires both the drug-binding pocket of FKBP12 as well as separate motifs from the N-and C-termini.
Domain specific interaction observed in mammalian cells
Several groups independently demonstrated that FKBP12 co-precipitates with the full-length TGF-β type I receptor in mammalian cells, upon overexpression of both proteins (55, 56, 57, 60) . Such an interaction can be abolished by the addition of FK506, or FK506 derivatives, which are deficient in binding to calcineurin (55, 60) or rapamycin (60) . Mutation of the proline residue to alanine (P194A) on the TGF-β type I receptor effectively abolishes FKBP12 binding (56, 60) , thus confirming the original observations made in the yeast two-hybrid system. Interestingly, FKBP12 is released from the TGF-β bound type I receptor (55, 60) . The release of FKBP12 from the type I receptor is dependent upon the presence of an intact type II receptor kinase activity, since mutating the ATP binding site of the kinase domain of the type II receptor prevents the release of FKBP12 from the TGF-β-bound type I receptor (55) . Therefore, FKBP12 release is triggered by a phosphorylation event mediated by the type II receptor kinase.
It was suspected that the transphosphorylation of the type I receptor by the type II receptor within the GS box could be responsible for the release of FKBP12.
However, mutation of all five known phosphorylation sites (185TTSGSGSGLPF195) of the GS box did not prevent the release of FKBP12 from the TGF-β-bound type I receptor, suggesting that phosphorylation of these sites, although important for type I receptor activation, is not absolutely required for releasing FKBP12 (55) . A possible role of FKBP12 phosphorylation in its release from the type I receptor has also been ruled out, since FKBP12 is not phosphorylated in response to TGF-β (57). Thus, the exact phosphorylation event(s) responsible for releasing FKBP12 in mammalian cells still awaits future studies.
Structural studies and direct in vitro binding studies of the interaction
FKBP12 and a cytoplasmic domain of the TGF-β type I receptor (162-503) have been successfully cocrystallized and their structures have been analyzed (61) . FKBP12 binds the GS region of the receptor, with the two residues Leu-195 and Leu-196 on the type I receptor directly binding to the hydrophobic macrolide binding pocket on FKBP12. Leu-195 mimics the hemiketal ring of FK506, while Leu-196 mimics the pipecolinyl moiety on FK506. The proline residue known to be essential for FKBP12 binding does not interact with FKBP12 directly, but appears to stabilize the interaction interface. Two additional residues on FKBP12, H87 and P88, also exhibit direct contacts with the β4 and β5 sheets surrounding a structure called the L45 loop of the type I receptor kinase domain. However, in this crystal structure, unlike what was observed in the interaction tests in the yeast two-hybrid system, the conserved C-terminus of the type I receptor kinase domain as well as the N-terminus or Cterminus of FKBP12 are not shown to be involved in the complex formation between FKBP12 and TGF-β type I receptor. The obvious lack of interaction role of these domains on both proteins in the crystal structure of the complex of FKBP12/TβRIC suggests that additional factors are involved in the complex formation in vivo. This point will be further discussed in section 6.2.
Additional in vitro binding studies and domain mapping between FKBP12 and TGF-β type I receptor have been elegantly analyzed (62) . Using a protein semisynthetic protocol, a synthetic GS region peptide thioester containing residues 175-195 of the human TGF-β type I receptor with varying phosphorylation of one to all four residues (T185, S187, S189, S191), was made and ligated onto the reminder of the cytoplasmic domain of the receptor (TβRI C), then produced in SF9 cells. Purified GST-FKBP12 binds well to the receptor with the unphosphorylated GS domain (TβRI-0P). The importance of the FKBP12 interaction with the unphosphorylated GS domain was further studied by the crystallization of the TGF-β type I receptor cytoplasmic domain alone in the presence of a small molecule NPC-30345, a quinazo-linebased inhibitor of the type I receptor required for the successful crystal formation of the receptor. Comparison of the structures of TβRI C in the presence and absence of bound FKBP12 reveals that FKBP12 is required to stabilize the GS loop (185-192), which forms an inhibitory wedge that inserts between the regulatory α helix and the N lobe β sheet of the type I receptor kinase domain, blocking the ATP binding site. This data indicates an important functional role of FKBP12 in inhibiting the kinase activity of the type I receptor. Two important effects of the phosphorylation of the four residues within the GS domain were revealed: 1) the kinase activity of the type I receptor was activated by the phosphorylation; 2) FKBP12 exhibits much reduced affinity towards the receptor with the phosphorylated GS domain; 3) GST-Smad2 binds selectively to the type I receptor with phosphorylated GS domain, but not to the one with unphosphorylated GS domain. This data provides a structural rational for the inability of FKBP12 to bind to the type II-receptor phosphorylated type I receptor and reveals phosphorylated GS domain as the binding site for Smad2. However, this data does not imply that FKBP12 is released from the type I receptor upon the phosphorylation of the GS domain by the type II receptor, since the release of FKBP12 is likely a pre-requisite for the phosphorylation of the GS domain as its very binding blocks the phosphorylation sites. Therefore, additional mechanisms are responsible for the release of FKBP12 first, followed by the transphosphorylation of the GS domain, which may prevent the re-association of FKBP12 with the phosphorylated GS domain and promote the docking of the signaling protein like Smad2 or Smad3 to the phosphorylated GS domain. The involvement of an additional mechanism in FKBP12 release from the type I receptor was also suggested by an earlier observation that abolishing the phosphorylation sites of the GS domain does not block the release of FKBP12 (55) . As discussed below in section 6.2, it is likely that FKBP12 and the cytoplasmic domain of the type I receptor exist in a multimeric complex in vivo.
Thus, the understanding of how FKBP12 interacts with the type I receptor or how FKBP12 is released from the type I receptor will require study of a more complete receptor complex containing some other proteins.
Summary of the interaction domains and regulatory mechanisms
In summary, FKBP12 is a specific interactor of the TGF-β type I receptor. The interaction involves separate domains on both FKBP12 and the TGF-β type I receptor. On FKBP12, the macrolide-binding pocket as well as the C-terminal domain of FKBP12 are involved in the interaction with the TGF-β type I receptor in the yeast two-hybrid system; for MIS and BMP7 type I receptor, the N-terminal domain of FKBP12 is also involved. On the type I receptor of TGF-β, the proline 194 residue within the GS domain serves to stabilize the interaction while the leucine 195 and 196 residues directly mediate the interaction. In addition, a conserved C-terminal region of the kinase domain is also required for FKBP12 binding both in the yeast two-hybrid system and in mammalian cells. The molecular details of the interaction between the C-terminal domain of the receptor and FKBP12 are not completely understood and possibly involve the participation of additional proteins.
The interaction between FKBP12 and the type I receptor is abolished in a type II receptor kinase-dependent fashion.
The mechanisms involved in releasing FKBP12 are not known, but in vitro studies suggested that the transphosphorylation of the GS domain of the type I receptor by the type II receptor kinase likely prevents FKBP12 from re-associating with the activated receptor, thereby exposing the docking site for signal transducers such as Smad2 and possibly also Smad3.
Questions remaining
A critical issue in the understanding of FKBP12 as an interactor of the TGF-β type I receptor or other members of the type I receptor family is the potential existence of multimeric complex formation of FKBP12 and the type I receptors with additional proteins that co-exist in the complex. Critical insights have been provided by crystallographic analyses of one-to-one interaction between FKBP12 and the type I receptor. Further in vivo analyses of how release of FKBP12 from the type I receptor activates the type I receptor as a signaling kinase awaits the elucidation of additional components participating in the receptor/FKBP12 complex.
PROGRESS IN THE FUNCTIONAL CHARACTERIZATION OF FKBP12 AS AN INTERACTOR OF THE TGF-β TYPE I RECEPTOR
Since the initial discovery of the interaction between FKBP12 and the TGF-β family type I receptors, several groups have independently examined the functional significance of the interaction.
Use of non-functional macrolide derivatives to abolish FKBP12 interaction with the type I receptor
The first attempt to discern the functional importance of FKBP12 binding to the type I receptors of the TGF-β family was carried out in 1996, with the aid of two non-functional derivative of FK506, namely the 15-Odesmethyl-FK520 and L685,818 (55) . Both compounds bind to FKBP12, but cannot recruit calcineurin; thus, the biological effects can only be ascribed to FKBP12 binding. First it was demonstrated that both compounds were able to abolish FKBP12 interaction with TGF-β type I receptor in transfected and macrolide treated COS1 cells. Subsequently, the compounds were applied in TGF-β-regulated gene response assays in Mv1Lu cells, where they elevated the gene responses induced by low dose TGF-β, but not by high dose of TGF-β. The role of FKBP12 interaction with the putative MIS type I receptor was also examined using these compounds, in a classical organ culture assay system that monitors the biological activity of MIS in inducing the active regression of the Mullerian duct (55) . In this assay, the addition of FK506 derivatives significantly sensitized the cells to respond to low dose MIS. Chen et al. showed that the TGF-β type II receptormediated type I receptor phosphorylation is inhibited by overexpressing FKBP12 and such an inhibition can be abolished by rapamycin (60).
Use of in vitro overexpression systems to enhance FKBP12 effects
Brent R. Stockwell, a graduate student at Stuart Schreiber's laboratory contributed an idea to test whether, by tethering FKBP12 to the cell membrane via attaching a myristylation site at the N-terminus of FKBP12, the inhibitory effect of FKBP12 could persist even in the presence of TGF-β. Such an effect was confirmed; overexpression of the myristylated FKBP12 inhibited transcriptional activation by TGF-β in Mv1Lu cells (55) . A potential toxic effect of such an altered form of FKBP12 was ruled out since the overexpressed FKBP12 increases cyclin A expression, which is normally inhibited by TGF-β. This data pointed out that FKBP12 functions as an inhibitor of the type I receptor of TGF-β and suggested that the release of FKBP12 is critical for the activation of the type I receptor signaling activity. Interestingly, a mutant form of FKBP12 defective in its calcineurin-binding site failed to inhibit TGF-β responses, when it was also overexpressed as a myristylated form. Thus, the inhibitory mechanism of FKBP12 might involve the recruitment of additional proteins such as calcineurin, which could mediate dephosphorylation of the type I receptor. Later studies revealed that both the wild type and the mutant form of FKBP12, when myristylated, interact only weakly with the type I receptor (Wang et al., unpublished data) . Thus, the observed inhibitory effect of the myristylated form of the wild type of FKBP12 appears to be derived from activities other than direct binding to the type I receptor. Such an observation further strengthens the role of additional proteins bound to FKBP12 in mediating the inhibition of the type I receptor. The inhibitory role of FKBP12 on TGF-β type I receptor as well as the involvement of the macrolide binding domain in such inhibition was also confirmed by Chen et al. by directly overexpressing FKBP12 and its mutants that are defective in binding to the type I receptor (F36Y and I90K) (60).
Test signaling defects of the FKBP12-binding deficient mutant TGF-β type I receptors
Okadome et al. demonstrated that several mutant type I receptors defective in signaling were still able to bind to FKBP12 (57). Charng et al. created point mutants of the TGF-β type I receptor and demonstrated that the receptor mutant carrying P194A was still capable of signaling and a mutant type I receptor T204D, which is constitutively active, became even more active when the P194A mutation was introduced (63) . Both groups concluded that FKBP12 binding is not necessary for the signaling activity of the type I receptor. This is consistent with the observed inhibitory function of FKBP12 (55), since abolishing the binding of an inhibitor is not expected to block the Figure 2 . A cartoon to illustrate the role of FKBP12 interaction with the TGF-β family type I receptors for differential signaling along a gradient of a TGF-β family ligand that acts as a morphogen. Along the gradient, two sets of genes, as represented by Gene A and Gene B, are differentially regulated in cells along the gradient, with both sets of genes expressed in cells exposed to concentrations of ligands that are above the FKBP12 releasing dose of the ligand, while only one set of genes are expressed in those that are exposed to ligand dose lower than the releasing dose. The lack of FKBP12 in FKBP12 KO mice could lead to loss of such differential expression of the genes, due to leaky expression of genes below the releasing dose, thereby leading to developmental defects.
signaling, but instead, should assist receptor signaling. Such a property of the mutant receptor was revealed by a set of elegant experiments by Chen et al., who carried out careful functional studies of the interaction using the mutant TGF-β type I receptor (60) .
Their studies demonstrated that the FKBP12-binding defective type I receptors (P194K, L193G) exhibit much higher (5-8 fold) basal signaling activities when expressed at the Mv1Lu mink lung epithelial cells lacking the wild type type I receptor. When L193G mutant was overexpressed with the type II receptor, it signaled in the absence of TGF-β. The overexpression systems used in these studies could mimic the low-ligand condition in vivo. These data suggest that in the absence of FKBP12, the type I receptor would signal upon exposure to low dose ligands, an observation consistent with those from the MIS organ culture assay (55) .
In summary, these in vitro functional studies indicate that FKBP12 is an inhibitory regulator of the TGF-β type I receptor and MIS type I receptor, which has been recently identified to be ALK2 in vitro (64, 65) and BMPR1A or ALK3 in vivo (66) . A separate study also suggests the inhibitory role of FKBP12 in BMP-mediated signaling events (67) . The inhibitory interaction of FKBP12 is regulated by the extracellular concentration of TGF-β. The ligand concentration may determine the state of oligomerization of the TGF-β type I and type II receptors. Thus FKBP12 may exhibit different binding properties to the type I receptor in different oligomerization states such that the concentration of the extracellular ligand is monitored from the inside of the cells by FKBP12 binding. Thus, at low dose ligand concentration, FKBP12 binding may keep the type I receptor in an inactive conformation, while at high dose of ligand, FKBP12 is released from the active receptor oligomers to allow them to signal. In this sense, FKBP12 binding functions as a "gradient reader" and could play a role for the morphogenetic activities of members of the TGF-β superfamily. For example, we can imagine the following scenario, as illustrated in the cartoon (Figure 2) . Along the gradient of a ligand, cells exposed to a dose of ligand that is equal or above the threshold for FKBP12 release would undergo a full scale of signaling from the type I receptors, while cells more distant from the source of ligand and thereby being exposed to a ligand dose below the threshold for FKBP12 release would fail to be activated. This could lead to different differentiation state of the cells along the gradient.
Disruption of such a mechanism could be detrimental to morphogenesis. This prediction is consistent with the phenotypes of the FKBP12 knock-out mice as described below.
Analysis of FKBP12 KO mice derived cell lines
The most controversial point regarding the physiological role of FKBP12 in regulating TGF-β family receptor signaling was raised by Shou et al., who generated FKBP12 knock-out (KO) mice. Two major developmental abnormalities were found in FKBP12 KO mice, heart defects and failure of neural tube closure (68) . Currently the molecular mechanisms involved in these phenotypes are not understood. Based upon the studies of TGF-β responsiveness of the FKBP12-deficient and FKBP12-heterozygous E14.5 fibroblasts, the authors concluded that FKBP12 is not a physiological regulator of the TGF-β family type I receptors since no enhancement of TGF-β signaling was observed in the fibroblast cell line lacking FKBP12. The biochemical data described above, however, point out that abolishing FKBP12 binding leads to an increase of the sensitivity of the type I receptor to respond to low dose ligand, but not to a general enhancement of the signaling capacity of the receptors. This is because FKBP12 is only released when TGF-β concentration is high enough to activate the full signaling capacity of the type I receptor. Therefore the lack of FKBP12 would not alter the signaling readout when ligand levels are high. In other words, the role of FKBP12 was predicted to prevent leaky signaling of the type I receptor at sites where only low level of ligand is present, or sites where high level of type II receptors are expressed. Such a role is likely critical for normal signaling functions of TGF-β family ligands during certain stage of embryonic development when gradient effects of the ligands are crucial, as discussed in the above paragraph. The observed phenotypes of FKBP12 KO mice: cardiac defect and neural closure defects, could well be caused by such a leaky signaling problem from some members of the TGF-β family or BMP family ligands.
Recently another group confirmed constitutive activation of TGF-β signaling in fibroblast cell lines derived from the embryonic day 12.5 of FKBP12 KO mice (69) . The FKBP12 -/-cells exhibited constitutive cell cycle G1 arrest, which can be rescued by the expression of FKBP12.
The G1 arrest was associated with the constitutive elevation in the protein level of the cell cycle inhibitor p21. The TGF-β responsive gene PAI also exhibited increased expression in FKBP12 null cells. The level of phosphorylated p38, which is normally induced upon TGF-β treatment in wild type cells, was also constitutively elevated in FKBP12 null cells. SB203580, a potent and selective inhibitor of p38 catalytic activity, blocked the constitutive elevation of p21 level, suggesting that constitutive activation of p38 in FKBP12 null cells is responsible for increased p21 level and therefore the constitutive G1 arrest. The mRNA level of Smad7, which is known to be turned on as a negative feedback mechanism in response to TGF-β signaling, was found to be constitutively increased in FKBP12 null cells. In aggregate these data are indicative of a constitutively active signaling pathway of TGF-β in FKBP12 null cells. Surprisingly, TGF-β induced phosphorylation of Smad2 was blocked in FKBP12 null cells. This potentially could be due to the presence of large amount of Smad7, which would inhibit Smad2 phosphorylation. Alternatively, the constitutive signaling of TGF-β type I receptor could also accompany the down-regulation of the type I receptor, a possibility yet to be examined.
Taken together, although not fully proven, the in vivo studies of FKBP12 KO mice and the embryonic fibroblast cell lines derived from the KO mice provide data that are consistent with a physiological role of FKBP12 in preventing constitutive signaling of the type I receptors of TGF-β family.
Conclusions
The functional studies of FKBP12 interaction with TGF-β type I receptor in both in vitro and in vivo systems provide evidence for the role of FKBP12 as a functional regulator of the TGF-β type I receptor. The accumulated data suggest a series of receptor activation steps involving FKBP12 binding and release. FKBP12 binds the type I receptor before TGF-β interaction with the receptors, which are either in monomers or pre-assembled oligomers, as suggested by other studies of the BMP and TGF-β type I receptors (70) (71) (72) . Upon stimulation of TGF-β, the type II receptor mediates a phosphorylation event which leads to the release of FKBP12, allowing the subsequent phosphorylation of the exposed GS domain, which now no longer can bind to FKBP12, but allows the interaction of signal transducers like Smad2 or Smad3 to approach the receptor kinase. These Smads then become phosphorylated and released from the type I receptor and go on to signal other cytoplasmic and nuclear events. In the absence of FKBP12, the GS domain of the type I receptor is subjected to phosphorylation by the type II receptor without the intermediate step of an FKBP12-releasing event triggered by type II receptor-mediated phosphorylation. Thus, in a cellular environment where a ligand is presented in a gradient, the lack of FKBP12 could significantly alter the cellular responsiveness along the gradient, by reducing the threshold of ligand concentration for GS domain phosphorylation.
Therefore, the physiological role of FKBP12 could be an important "gradient reader", or "a type I receptor guardian".
Questions remaining
It remains to be determined whether FKBP12 is a selective inhibitor of a subset of signaling pathways of the type I receptor, or is a general inhibitor of the activation of the TGF-β type I receptor. The role of TGF-β family signaling leakiness in FKBP12 KO mice needs to be confirmed and other specific physiological roles of FKBP12 in regulating many other TGF-β superfamily members at different developmental stages await future studies.
5.MECHANISTIC STUDIES OF FKBP12-MEDIATED INHIBITION
The "Docking Inhibitor" model
Wang et al. have raised the possibility of FKBP12 docking a third protein to the type I receptor to mediate the inhibitory activity (55) . One likely candidate is calcinuerin, since direct interaction between FKBP12 and calcineurin occurs even in the absence of FK506, albeit much weaker (73) . The data supporting this possible mechanism is the observation that the myristylated FKBP12 mutant defective in binding to calcineurin is also defective in inhibiting the type I receptor, while the myristylated wild type FKBP12 effectively inhibited the type I receptor. If calcineurin is docked by FKBP12 to the type I receptor, it could mediate inhibition of the type I receptor by dephosphorylating the GS domain.
The "Blocking type II-mediated type I receptor phosphorylation model"
Chen et al. presented data to show that the presence of FKBP12 binding reduces type I receptor phosphorylation, while rapamycin could restore the phosphorylation by releasing FKBP12 (60) . The authors thus concluded that the mechanism of inhibition is via blocking type II mediated phosphorylation of the type I receptor. However, the reduction of type I receptor phosphorylation could also be due to FKBP12-mediated docking of an inhibitor of the type I receptor phosphorylation.
The "Silencing type I receptor kinase activity model"
Experiments combining chemical and biological approaches were carried out to test the inhibitory target of FKBP12 (74) . By directly fusing FKBP12 with the cytoplasmic domain of the constitutively activated mutant type I receptor (T204D), which is myristylated and therefore attached on the cell membrane, it was shown that the treatment of cells with FK506 derivatives was sufficient to induce Smad2 phosphorylation and nuclear translocation. This data suggests that FKBP12 can inhibit even a constitutively activated form of the type I receptor; therefore, its inhibitory mechanism does not have to be mediated by blocking the type II receptor mediated type I receptor phosphorylation. Inhibition of the kinase activity could occur either directly by FKBP12 binding or by another mediator docked by FKBP12.
Therefore, current data points to at least three possible mechanisms for FKBP12-mediated inhibition of the TGF-β type I receptor: 1) FKBP12 binding inactivates the type I receptor kinase activity; 2) FKBP12 brings an inhibitor to the type I receptor to silence the kinase activity; 3) FKBP12 blocks the trans-phosphorylation of the type I receptor by the type II receptor. These mechanisms are not mutually exclusive and could possibly operate in collaboration at different stages.
Cytoplasmic events inhibited by FKBP12
Several biochemical events along TGF-β signaling pathways are influenced by FKBP12.
First, FKBP12 overexpression leads to an inhibition of the type I receptor phosphorylation by the type II receptor in response to TGF-β (60) . A recent study revealed the ability of FKBP12 to block the internalization of the TGF-β type I receptor upon TGF-β stimulation (75) . In the BMP-mediated signaling pathways, FKBP12 inhibits BMP-induced Smad1 phosphorylation and subsequent proteasomal degradation (76) . As suggested by the studies of FKBP12 null fibroblast cells, FKBP12 might also inhibit TGF-β induced p38 phosphorylation, Smad2 phosphorylation, and transcriptional activation of p21 (77).
FUTURE PERSPECTIVES
The TGF-β family cytokines/morphogens are well-known for their dynamic and complex biological activities. Many of them are essential for the formation and maintenance of various tissues and organs. The signaling mechanisms used by this family have been gradually unfolding during the past several years. Most of the studies have been focused upon the cellular events after the activation of the TGF-β type I receptor. While it is clear that the type I receptor can activate several different signaling pathways, more intense investigations have been centered around the linear signaling pathways of Smads which at first appeared to be relatively "simple" and "straight-forward". In recent years, however, unexpected findings have made it clear that significant expansion of the current paradigm of TGF-β family signaling mechanisms is inevitable. At the cell membrane, the activation and inactivation of the type I receptor involves not only the type I receptor phosphorylation, but also many other additional events, which could be FKBP12-mediated. Understanding the functional role and mechanism of FKBP12 as a key regulator of type I receptor will lead to a better appreciation of how the various downstream signaling pathways are selectively regulated by varying concentration gradients of extracellular ligands and how the type I receptor can operate dynamically.
The role of FKBP12 in regulating type I receptor interaction with the type II receptor before, during, and after type I receptor activation
The type I and type II receptors of the TGF-β family are known to form hetero-oligomers before and after ligand binding (70) (71) (72) and to activate different signaling pathways from the pre-assembled and ligand-stimulated hetero-oligomers (70) . Thus, receptor oligomer formation must play a key role in the assembly and disassembly of the receptor signaling complexes. Furthermore, the downregulation of the receptor complexes via endocytosis and the subsequent targeting of the receptor complexes to lysosome or proteasome or recycling back to the cell membrane may be also dependent upon the oligomerization state of the receptors.
FKBP12, as a peptidyl-prolyl-isomerase, has been suggested to regulate the conformation of the four subunits of RyR/calcium channels, thereby coordinating the four subunits for full conductance of the channels as well as assisting the interactions between the neighboring RyR/calcium channels to enhance coupled gating (28). Lack of FKBP12 binding to RyR1 channels leads to leaky channels (subconductance states) and contributes to heart failure (26,40,57). Thus, there appears to be a striking similarity between the two known physiological roles of FKBP12, since the lack of FKBP12 binding to the type I receptor also causes leaky signaling from the type I receptor. The cis-trans prolyl-isomerase activity of FKBP12 has yet to be tested, but the conformational role of FKBP12 could be independent from such an activity. One possible scenario, as suggested from studies of another prolyl isomerase, Pin 1 (78), is that FKBP12 regulates the phosphorylation state of the GS domain, by preferably modifying the proline from the cis to the trans conformation after the GS domain is phosphorylated and then allows a PP2A like phosphatase to mediate dephosphorylation of the GS domain. Another candidate phosphatase is calcineurin, which has intrinsic affinity for FKBP12 (73) .
6.2.
Receptor interaction with other cytoplasmic interactors: prenyltransferases and Caveolin-1 Besides FKBP12, there are multiple other proteins that bind to different type I receptors. Among them is the alpha subunit (FNTA) of the two prenyltransferases, farnesyltransferase (FTase) and geranylgeranyltransferase (GGTase) (79) . Domain mapping studies suggest that FNTA interaction with the type I receptor also requires the C-terminal conserved domain (79) . Recent studies further indicate that the two β subunits of the prenyltransferases can bind the type I as well as type II receptors under different conditions (Elia A. et al., unpublished data). Thus, the biochemical and functional interactions between FKBP12 and these proteins will be an interesting new territory to explore in the future. Another newfound receptor interactor is the cholesterolrich membrane microdomain marker protein calveolin-1 (80). Since both FKBP12 and calveolin-1 both are functionally associated with type I receptor endocytosis (75, 80) , it would be interesting to determine how these two proteins functionally coordinate to regulate receptor endocytosis.
The mechanism of FKBP12 release upon ligand binding to the type II receptor
As discussed earlier, current studies have not revealed how FKBP12 is released from the activated type I receptor. The structural studies predict that FKBP12 binding to the GS domain would block GS domain phosphorylation. Therefore, the release of FKBP12 has to occur prior to this event. Although the phosphorylated GS domain, when isolated in vitro, can no longer bind to FKBP12, this observation does not rule out the possibility of a transient functional interaction between FKBP12 and the phosphorylated GS domain for converting the proline from the cis to the trans conformation.
The release of FKBP12 is known to be dependent upon the kinase activity of the type II receptor. Therefore future studies may focus upon several type II receptorkinase mediated phosphorylation events, such as type II receptor autophosphorylation, type II receptor-mediated transphosphorylation of the type I receptor at sites other than the GS domain, or phosphorylation of other cytoplasmic proteins that interact with the type I or type II receptor.
The phosphorylation could induce a conformational change of the type I receptor, or allow the competitive binding of another protein to FKBP12.
The physiological function of FKBP12 as a regulator of TGF-β type I receptor
A more direct test for the physiological role of FKBP12 could be to replace the wild-type type I receptor with the type I receptor point mutant, P145A, that is specifically defective in binding to FKBP12 (56, 57, 60) . Tissue-specific and developmental specific knock-in studies will be most informative for a more complete understanding of the physiological role of FKBP12. Different TGF-β family type I receptors can be tested using similar approaches.
CONCLUSIONS
The interaction between FKBP12 and the various type I receptors of the TGF-β family ligands may play a key role in allowing the different receptor complexes to recognize and interpret respective ligands gradients and to translate the gradient signals into distinct intracellular signaling responses. Defects in such recognition could dysregulate downstream events that are sensitive to the ligand concentrations and thus contribute to developmental defects. A better understanding of the regulation of FKBP12 interaction with specific TGF-β receptors and other associated intracellular proteins could help to elucidate the downstream elements contributing to tissue and developmental specificity. In the broader context, we see that TGF-β superfamily signaling incorporates many controling steps including multiple levels of extracellular regulators as well as intracellular regulators, involving FKBP12, the prenyltransferases, the inhibitory and activating Smads, as well as members of other downstream pathways. These diverse known and unknown regulatory elements are all needed to assure proper morphogenesis and differentiation.
ACKNOWLEDGEMENTS
We thank Dr. Brent R. for the "Protein Trap" system that helped us to first identify FKBP12; we thank Dr. Zervos A. S. for hosting and supervising the yeast two- 71, 18-26 (1992) 
